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Abstract 
Iron oxide magnetic nanoparticles (NPs) are stimuli-responsive materials at the 
forefront of nanomedicine. Their realistic finite temperature simulations are a 
formidable challenge for first-principles methods. Here, we use density functional 
tight binding to open up the required time and length scales and obtain global 
minimum structures of Fe3O4 NPs of realistic size (1400 atoms, 2.5 nm) and of 
different shapes, which we then refine with hybrid density functional theory methods 
to accomplish proper electronic and magnetic properties, which have never been 
accurately described in simulations. On this basis, we develop a general empirical 
formula and prove its predictive power for the evaluation of the total magnetic 
moment of Fe3O4 NPs. By converting the total magnetic moment into the 
macroscopic saturation magnetization, we rationalize the experimentally observed 
dependence with shape. We also reveal interesting reconstruction mechanisms and 
unexpected patterns of charge ordering. 
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    Magnetite (Fe3O4) nanoparticles (NPs) are top-class materials for biomedical 
applications because of their excellent soft magnetism (high saturation magnetization 
and low coercive force), good biocompatibility, and low cytotoxicity [1,2]. They 
constitute the new generation contrast agents for magnetic resonance imaging (MRI) 
and are effective carriers for targeted drug delivery, heating agents in magnetic 
hyperthermia, adsorbents for magnetic bioseparation, and biosensors [3,4,5,6,7,8,9]. 
Monodisperse Fe3O4 NPs with sizes variable from 3 to 22 nm in diameter have 
been successfully prepared [10,11,12,13,14] with different shapes including cubes, 
octahedra, rhombic dodecahedra, truncated octahedra and spheres 
[15,16,17,18,19,20,21,22,23,24]. Magnetite NPs are found to be superparamagnetic 
above the blocking temperature and ferrimagnetic below it [11,12,14,15,16,23,24]. 
Furthermore, tunneling microscopy shows that below the Verwey temperature 
magnetite NPs are semiconductors with a small band gap from 0.14 to 0.30 eV 
[25,26]. 
Despite the relevance of magnetite NPs in nanobiotechnology, we observe a 
severe lack of a theoretical framework, which could assist in the interpretation of 
experimental findings at an atomic scale and guide further experiments. For instance, 
only recently the √2 × √2 reconstruction of the clean Fe3O4(001) single crystal 
surface was revealed by Bliem et al. [27] through a combined experimental and 
theoretical study. This begs the next question: what kind of reconstructions may arise 
in a nano-confined magnetite particle?   
Unfortunately, magnetite is a complex material to be described accurately by 
theoretical methods. We have shown that, to catch proper structural, electronic and 
magnetic properties of even the most simple bulk and flat surface systems, high-level 
quantum mechanical (QM) techniques, beyond standard density functional theory 
(DFT), are required [28,29]. Up to now, magnetite nanoparticles have only been 
addressed by force-field methods to study their interaction with surfactants 
[30,31,32,33]. However, these types of simulations have some intrinsic limitations, 
since they cannot provide any information on the electronic and magnetic structure, 
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cannot handle bond breaking and bond formation, and have limited transferability. 
 With the present Letter, we make a major breakthrough in the theoretical 
modelling of magnetite nanosystems. First, we solve the critical problem of the 
correct assignment of the total magnetic moment (mtot) to magnetite model 
nanostructures and provide the community with a validated general empirical formula 
for its a-priori evaluation. From that we derive the saturation magnetization (MS) of an 
ideal macroscopic sample of all identical NPs for comparison with experiments. Then, 
by combining density functional tight binding (DFTB) [34] and hybrid DFT methods 
[35], we accomplish the quantum mechanical simulation of Fe3O4 NPs of realistic size 
in both cubic (1466 atoms, edge length of 2.3 nm) and spherical (1006 atoms, 
diameter of 2.5 nm) shapes. Global minimum atomic-scale structures of the NPs are 
obtained by high-temperature annealing simulations with the Hubbard corrected 
DFTB (DFTB+U) method, followed by full atomic relaxation with hybrid DFT. 
Interesting reconstruction mechanisms and unexpected patterns of charge ordering are 
revealed. A rational basis for the larger experimentally-observed MS of nanocubes 
with respect to nanospheres is also derived from our results. 
This Letter fills the existing gap in the quantum chemical description of 
magnetite NPs of realistic size and paves the way for further theoretical studies for the 
benefit of both the computational and experimental communities. 
Here, molecular dynamics (MD) simulations were performed with self-consistent 
charge DFTB method, as implemented in the DFTB+ package [36], to search for the 
global minimum structure of Fe3O4 NPs. Then, hybrid functional calculations (the 
Heyd-Scuseria-Ernzerhof (HSE) screened hybrid functional [35]) were carried out 
using the CRYSTAL17 package [37,38] to get the final optimized structures and 
electronic and magnetic properties of the nanoparticles. Further computational details 
can be found in the Supplemental Material. 
    Considering the frequent observation of cubic Fe3O4 NPs enclosed by six (001) 
facets in experiments [15,16,17], we carved from the bulk a magnetite nanocube 
(Fe602O864) of 1466 atoms with edge length of 2.3 nm in a way that the lowest 
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coordination of Fe and O atoms is four- and two-fold, respectively. We define two 
kinds of Fe ions in the NP, FeTet and FeOct, depending on the occupied bulk lattice site 
(tetrahedral and octahedral), even when they become undercoordinated at the surface. 
The nanocube is in the Td symmetry and presents two types of corner sites (see Fig. 1): 
(a) four corners expose an FeTet ion at the apex (type I) and (b) four corners expose an 
O atom at the apex (type II). 
The first challenge one must face to perform the QM simulation of a magnetite 
NP is the definition of its optimal total magnetic moment (mtot), as discussed in detail 
in the Supplemental Material. To overcome this challenge, we propose (and validate 
in this work below) an empirical formula for mtot, 
𝑚𝑡𝑜𝑡 = 5 × (𝑁(𝐹𝑒𝑂𝑐𝑡
3+ ) − 𝑁(𝐹𝑒𝑇𝑒𝑡
3+ )) + 4 × (𝑁(𝐹𝑒𝑂𝑐𝑡
2+ ) − 𝑁(𝐹𝑒𝑇𝑒𝑡
2+ ))   (1), 
where FeOct
3+
 and FeOct
2+
 are Fe
3+
 and Fe
2+
 ions at octahedral sites, FeTet
3+
 and FeTet
2+
 
are Fe
3+
 and Fe
2+
 ions at tetrahedral sites and N is the number of the corresponding 
ions. This formula can be interpreted by means of the crystal field theory and the d 
orbitals occupation of different Fe ions in bulk magnetite, in line with what was 
previously observed by hybrid DFT calculations [28]: for FeOct
3+
 and FeTet
3+
, the 
high-spin 3d
5
 electron configuration gives an atomic magnetic moment of +5 and 5 
μB, respectively; for FeOct
2+
 and FeTet
2+
, the high-spin 3d
6
 electron configuration gives 
+4 μB and -4 μB, respectively. For the nanocube, since all FeTet ions are assumed to be 
charged 3+ and O ions 2, N(FeOct
3+
) and N(FeOct
2+
) can be easily calculated. This 
formula works perfectly for magnetite bulk and (001) surfaces and gives mtot = 1232 
μB for the carved nanocube. 
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Figure 1. Simulated annealing temperature profiles and global minimum structures of 
the magnetite nanocube (up) and nanosphere (down). The color coding of atoms is 
given in the legend at the bottom. Labels 3c-6c labels indicate the actual coordination 
number of the corresponding ions. (Inset) Shows the two types of corners. 
 
The nanocube global minimum structure was searched by MD simulations with 
the DFTB+U method that simulates a temperature annealing process up to 500 K (Fig. 
1). We recently proved that DFTB+U, with our newly proposed parametrization of the 
Fe–O interactions, is very efficient and satisfactorily reliable for the description of 
bulk and surface magnetite [39]. With this computationally cheaper method, one can 
perform simulations for systems of a thousand atoms or more on timescales of tenths 
of picoseconds, which is well beyond what is currently accessible with first-principles 
MD simulations. During the annealing, the four type-I corners underwent 
reconstructions at time T1 and T2, as shown in Fig. 1. Compared with the structure 
before annealing, the reconstructed nanocube is about 14 meV per atom lower in 
energy. To clarify the reconstruction mechanism, the top and side views of one of the 
three (001) facets that meet at the type-I corner are displayed in Fig. 2. The process 
consists of the transfer of 3 six-coordinated FeOct ions around the corner (green large 
spheres) to 3 four-coordinated FeTet ions (marked as 1, 2 and 3). The top and side 
views of the other two (001) facets that meet at this corner are exactly the same as the 
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one shown in Fig. 2, but with FeTet 2 or 3 in the place of FeTet 1, respectively. This 
reconstruction presents some analogies to that proposed for single crystal (001) 
surfaces [27]. However, in that case, every two Fe vacancies at octahedral sites in the 
subsurface layer are replaced only by one additional tetrahedral Fe, leading to an 
unbalanced Fe:O stoichiometry.  
The DFTB+U optimized reconstructed nanocube structure was confirmed by full 
atomic relaxation with the more sophisticated HSE hybrid functional. For nanocubes 
of larger size, we expect the same reconstruction at the corners since this atomic 
rearrangement only involves few atoms around corners. 
 
 
Figure 2. Top and side views of one of the three (001) facets that meet at the type-I 
corners of the nanocube, before and after annealing. The color coding of atoms is 
given in the legend at the bottom. Labels 3c-6c indicate the actual coordination 
number of the corresponding ions. The black arrows indicate the motion of atoms 
during the annealing process. 
 
Note that, after reconstruction, the total number of FeTet and FeOct has changed 
(see Table S1 in the Supplemental Material). If we apply formula (1), we get an mtot of 
1112 μB for the reconstructed nanocube vs 1232 μB for the unreconstructed one. In 
order to validate the equation, we performed a series of HSE calculations, where we 
fully relaxed the nanocube atomic positions while varying mtot (see Fig. S1 in the 
Supplemental Material). The minimum total energy is registered for mtot = 1112 μB, in 
perfect agreement with the output by Eq. (1). Therefore, we conclude that this formula 
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is rather general since it works for different situations ranging from bulk to surface to 
nanocube. The reconstruction reduces the mtot of the NP by about 10%.  
Since in many biomedical applications magnetite NPs are spherical [30,40,41,42], 
we prepared another model of stoichiometric curved NPs [(Fe3O4)136(H2O)18] by 
carving a sphere of 2.5 nm diameter and including 18 dissociatively adsorbed water 
molecules to saturate the too-low-coordinated Fe and O ions. Different from what was 
observed for nanocubes, for spherical NPs the N(FeTet
2+
) term is not null (as discussed 
below) and must be obtained by DFT calculations. Therefore, we performed a series 
of full atomic relaxation calculations with the HSE06 functional at different mtot 
values to determine the optimal mtot (600 μB), as shown in Fig. S2 in the Supplemental 
Material. Using the Fe ions distribution in lowest energy configuration and formula 
(1), we get mtot of 602 μB with a 0.3% error with respect to the HSE optimal value. 
Considering the complexity of the curved surface, this simple formula works more 
than satisfactorily. 
During the annealing process, simulated with DFTB+U, large atomic 
rearrangements occur at the curved surface to reduce the number of low-coordinated 
Fe ions (see Table S1 in the Supplemental Material), which involves the conversion of 
some six- and four-coordinated FeOct ions into five-coordinated ones and, in parallel, 
the conversion of some three-coordinated FeTet ions into four-coordinated ones. The 
resulting energy stabilization is of about 14 meV per atom. The annealed structure 
was then fully relaxed with the HSE functional (see Fig. 1). Similar atomic 
rearrangements are expected for larger spherical NPs. With the size increasing, the NP 
becomes more and more faceted and the percentage of low-coordinated cations 
decreases, as found in our previous work on TiO2 NPs [43].  
DFTB+U and HSE structures are compared by simulating the extended X-ray 
adsorption fine structure in real space (see Fig. S3 and Fig. S4 and detailed discussion 
in the Supplemental Material). The satisfactory agreement confirms the suitability of 
DFTB+U for the description of structural properties of magnetite NPs and supports its 
use for thermal annealing simulations. 
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Figure 3. The net charge distribution for the Fe ions with different coordination at 
tetrahedral and octahedral sites in the optimized Fe3O4 (a) nanocube and (b) 
nanosphere with HSE functional after simulated annealing. Labels 3c-6c indicate the 
actual coordination number of the corresponding ions. 
 
The charge ordering in magnetite is an interesting and challenging topic. Large 
efforts have been devoted to its understanding in the case of bulk during recent years 
[28,44,45,46,47,48,49], whereas, up to now, no information has been reported in the 
case of NPs. Hybrid functional calculations can provide precious information on 
charge distribution [28]. Here, we analyze Mulliken population charges, based on 
HSE calculations, to determine the Fe
2+
 and Fe
3+
 distribution. For the nanocube, we 
observe that all the FeTet ions are 3+, whereas FeOct are divided into two groups: 
FeOct
2+
 and FeOct
3+
, as shown in Fig. 3(a). All the low-coordinated FeOct ions (5c and 
4c) on the NP surface are charged 3+. We show dissected views of the nanocube (Fig. 
4, top) indicating an interesting core-shell structure with Fe
3+
 ions in the outer-shell 
layers and alternating Fe
2+
/Fe
3+
 ions in the core.  
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Figure 4. Selected dissected views showing the charge and spin distribution in the 
magnetite nanocube and nanosphere optimized models by HSE calculations. Oxygen 
atoms are not shown. 
 
Different from the nanocube, the charge distribution on FeOct becomes blurred 
for the nanosphere [see Fig. 3(b)]. For discussion convenience, Fe ions with a net 
charge less than +2 are labeled as Fe
2+
 and those with net charge more than +2 are 
labeled as Fe
3+
. Interestingly, FeTet
2+
 ions, not present in bulk, surface or cubic NP 
systems, arise on the nanosphere surface because they are mostly three-coordinated 
and highly distorted (see light blue spheres in Fig. 4). FeOct
2+
 ions are distributed both 
in the core and at the surface of the NP (see light red spheres in Fig. 4).  
 
Table 1. Average atomic magnetic moments (m) of Fe ions at tetrahedral and 
octahedral sites, total magnetic moment (mtot) and saturation magnetization (MS) for 
the magnetite nanocube and nanosphere (HSE) models.  
 nanocube Nanosphere 
m(FeTet
3+
) (μB) -4.21 -4.18 
m(FeTet
2+
) (μB) … -3.70 
m(FeOct
3+
) (μB) 4.27 4.20 
m(FeOct
2+
) (μB) 3.75 3.78 
mtot (μB) 1112 600 
MS (emu/g) 130.9 105.3 
 
The atomic magnetic moments of Fe
2+
 and Fe
3+
 in the NPs (listed in Table 1) are 
similar to those calculated for the bulk corresponding species [28], except for FeTet
2+
. 
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The absolute value of the atomic magnetic moment of FeTet
2+
 is similar to that of 
FeOct
2+
. 
We may note that, similar to bulk, in both nanocube and nanosphere models, 
FeTet ions always couple antiferromagnetically with FeOct ions. Being the latter in 
excess, the NPs are ferrimagnetic (Fig. 4 and Table 1). 
As a further step in our analysis of the magnetic properties of magnetite 
nanoparticles, starting from the calculated optimal mtot value for the model NPs, 
presented in the previous section and reported also in Table 1, it is possible to estimate 
the MS value (per gram) for an ideal macroscopic sample of identical NPs. Such 
quantity can be compared with experimental measurements. For the nanocube, we 
obtain MS = 130.9 emu/g, which is larger than that for the nanosphere (105.3 emu/g), 
in agreement with experimental observations [15]. This result can be rationalized by 
analyzing the number of FeOct and FeTet ions (N(FeOct) and N(FeTet)) in the NP. 
Because FeOct and FeTet couple antiferromagnetically, the net magnetic moment is 
determined by the excess of FeOct, i.e. the difference between N(FeOct) and N(FeTet). 
The ratio of N(FeOct)/N(FeTet) in the nanocube (2.3) is larger than that in the 
nanosphere (2.0) (see Table S1 in the SI), which accounts for the larger mtot and, thus, 
larger MS of the nanocube. From this point of view, nanocubes are more desirable for 
biomedical applications. We must note that the calculated MS values are larger than 
the experimental ones (54.0 emu/g for nanocubes with a size of 6.5 nm at 5 K [16] 
and about 35 emu/g for nanospheres with diameter of 5 nm at 20 K [24]). This is 
probably due to the antiphase boundary structural defects in the experimental NPs, 
which can largely reduce the magnetization [50]. In addition, the presence of 
nonmagnetic surfactants on the particle surface in experiments can also be a cause of 
magnetization reduction.  
Both the nanocube and the nanosphere models possess larger MS than bulk (96 
emu/g), which suggests that the larger the surface-to-bulk ratio, the larger the MS. 
Therefore, the MS should decrease with the size increase. We calculated the MS of 
nanocubes of different sizes through formula (1) and the results confirm this trend, as 
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shown in Fig. S5 in the Supplemental Material. 
To get further insight into the electronic properties of magnetite NPs, we also 
present total and projected density of states on the d states of different Fe ions (Fig. 
S6) with the HSE method. NPs of both shapes have semiconducting character, which 
agrees with the tunneling microscopy measurements [25,26]. The nanocube possesses 
very similar electronic structure to that of bulk [28] and of the (001) surface [29], with 
a band gap of 0.55 eV. The conductivity is dominated by electron hopping between 
fully coordinated FeOct
2+
 and FeOct
3+
 in the core of the nanocube [Fig. S6(b)], but not 
on the surface because there only Fe
3+
 ions are present (see Fig. 4, top). For the 
nanosphere, new surface states arise below the Fermi level (see Fig. S6 and S7 in the 
Supplemental Material). However, the band gap (0.53 eV) is similar to nanocubes. 
Electron hopping can take place both in the bulk and on the surface, thanks to the 
presence of FeOct
2+
/FeOct
3+
 and FeTet
2+
/FeTet
3+ 
(see Fig. 4). 
 
     In summary, by adopting a set of proper methods, including a general empirical 
formula for the a-priori determination of the optimal total magnetic moment and the 
combination of DFTB and hybrid DFT, we have accomplished the QM simulation of 
cubic and spherical Fe3O4 NPs of realistic size (2.3-2.5 nm). The optimized atomic 
structures were obtained through simulated annealing at 500 K by MD with the DFTB 
method, followed by full atomic relaxation with hybrid DFT. From the mtot of one NP 
model, we can derive the macroscopic MS for an ideal sample of all identical NPs, to 
be compared with experimentally measured values. 
Our results reveal the surface reconstruction mechanism that takes place at the 
four Fe-exposing corners of the nanocube and that reduces the mtot of the NP. Large 
atomic rearrangements also occur at the curved surface of the nanosphere to reduce 
the number of exposed low-coordinated Fe ions. The nanocube exhibits an interesting 
core-shell structure with respect to the distribution of Fe
2+
 and Fe
3+
, resulting in an 
insulating state in the shell and a semiconducting one in the core. In contrast, the 
appearance of FeTet
2+
 on the surface of the nanosphere makes the electrons hopping 
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between FeTet
2+
 and FeTet
3+
on the surface possible. Cubic NPs possess larger MS than 
spherical ones due to the larger ratio of N(FeOct)/N(FeTet) and thus are more desirable 
for biomedical applications. 
The approach of formula (1) for the a-priori determination of the optimal total 
magnetic moment, based on the principles of the crystal field theory, is also expected 
to be applicable to other magnetic materials of the spinel group, such as MnFe2O4, 
NiFe2O4, CoFe2O4, and so on. Therefore, our Letter not only makes possible to 
achieve the correct description, at the first-principles level of theory, of Fe3O4 
nanoparticles, but also paves the way for the modeling of nanostructures of other 
similar magnetic materials. 
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Computational details 
Magnetic moment definition 
To properly describe magnetite, high-level quantum mechanical simulations beyond 
standard density functional theory (DFT), such as DFT+U and hybrid DFT are 
necessary [1,2]. Up to now, two kinds of basis sets for DFT calculations are available, 
i.e. plain wave and Gaussian-type atomic orbital basis sets. In the case of periodic 
calculations with a plain wave basis set, the total magnetic moment of magnetite NPs 
can be relaxed during atomic optimization. However, a large surrounding vacuum is 
required to model nanoparticles with a periodic approach, which demands a very large 
memory and makes the calculation too expensive to be performed. In the case of 
molecular calculations with an atomic orbital basis set, there is no need for a 
surrounding vacuum, making the simulation of large magnetite NPs (1000-1400 
atoms) become possible though still very expensive. However, with the latter 
approach the total magnetic moment cannot be freely relaxed because the nanoparticle 
is treated as a molecular model, whose spin multiplicity must be explicitly given. This 
is the reason why equation (1) in the manuscript is extremely relevant and useful. 
DFT calculations 
Hybrid functional calculations (HSE06 [3]) were carried out using the CRYSTAL17 
package [4,5] based on DFT where the Kohn−Sham orbitals are expanded in 
Gaussian-type orbitals (the all-electron basis sets are H|5-11G
*
, O|8-411G
*
 and 
Fe|8-6-411G
*
, according to the scheme previously used for Fe3O4 [1]). The 
convergence criterion of 0.02 eV/Å for force was used during geometry optimization 
and the convergence criterion for total energy was set at 10
-6
 Hartree for all the 
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calculations.  
DFTB calculations 
Even with the atomic orbital basis set, the molecular dynamics calculations for Fe3O4 
NPs, which is important for searching the global minimum structure, are still too 
expensive to be performed. Cheaper but effective methods are needed. Self-consistent 
charge density functional tight binding (SCC-DFTB) is recently proved to be an 
effective method for the description of magnetite bulk and surfaces [6]. The 
SCC-DFTB method is an approximated DFT-based method that derives from the 
second-order expansion of the Kohn-Sham total energy in DFT with respect to the 
electron density fluctuations. The SCC-DFTB total energy can be defined as: 
𝐸𝑡𝑜𝑡 = ∑ 𝜀𝑖
𝑜𝑐𝑐
𝑖 +
1
2
∑ 𝛾𝛼𝛽∆𝑞𝛼∆𝑞𝛽
𝑁
𝛼,𝛽 + 𝐸𝑟𝑒𝑝     (2), 
where, the first term is the sum of the one-electron energies εi coming from the 
diagonalization of an approximated Hamiltonian matrix. Δqα and Δqβ are the induced 
charges on the atoms α and β, respectively, and γαβ is a Coulombic-like interaction 
potential. Erep is a short-range pairwise repulsive potential. More details about the 
SCC-DFTB method can be found in Refs.7, 8, and 9. DFTB will be used as shorthand 
for SCC-DFTB. 
   The DFTB calculations were performed by the DFTB+ package [10] without 
imposing any symmetry constraint. For the Fe-Fe and Fe-H interactions we used the 
―trans3d-0-1‖ set of parameters as reported previously [11]. For the O-O, H-O and 
H-H interactions we used the ―mio-1-1‖ set of parameters [7]. For the Fe-O 
interactions, we used the Slater-Koster files fitted by us previously, which can well 
reproduce the results for magnetite bulk and surfaces from HSE06 and PBE+U 
calculations [6]. To properly deal with the strong correlation effects among Fe 3d 
electrons, DFTB+U [12] with an effective U-J value of 3.5 eV was adopted according 
to our previous work on magnetite bulk and (001) surface [1,2]. The convergence 
criterion of 10
-4
 a.u. for force was used during geometry optimization and the 
convergence threshold on the self-consistent charge (SCC) procedure was set to be 
10
-5
 a.u.  
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DFTB molecular dynamics was performed within the canonical ensemble (NVT) 
with a time step of 1 fs. An Andersen thermostat [13] was used to target the desired 
temperatures. To simulate the temperature annealing processes, the nanocube and 
nanosphere were quickly heated up to 500 K (within 0.5 ps) and then kept at 500 K 
for 3.5 ps, and then cooled down slowly to 100 K when no further structural changes 
were expected. The total simulation time for the nanocube and nanosphere are 16 ps 
and 22 ps, respectively. 
 
 
 
Table S1. Numbers of Fe ions at tetrahedral (FeTet) and octahedral (FeOct) sites with 
different coordination (3c, 4c, 5c and 6c) in the carved and optimized (relaxed with 
HSE after annealing) Fe3O4 nanoparticles.  
 Nanocube Nanosphere 
 carved optimized carved optimized 
FeTet 4c 170 182 76 96 
FeTet 3c 0 0 60 40 
FeOct 6c 252 240 170 161 
FeOct 5c 144 144 42 55 
FeOct 4c 36 36 60 53 
FeOct 3c 0 0 0 3 
 
 
 
Figure S1. The relative total energy as a function of the total magnetic moment (mtot) 
for the nanocube after annealing. With each mtot the nanocube is fully relaxed with 
HSE method. 
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Figure S2. The relative total energy as a function of the total magnetic moment (mtot) 
for the nanosphere before annealing. With each mtot the nanosphere is fully relaxed 
with HSE method with 40% of exact exchange. This is because before annealing, the 
calculation with HSE (25% of exact exchange) could not converge. For bulk 
magnetite, HSE with 40% of exact exchange gives the same optimal total magnetic 
moment as that given by HSE with 25% of exact exchange. Therefore, HSE with 40% 
of exact exchange should be acceptable for the searching of the optimal total magnetic 
moment. 
 
 
Figure S3. Distances distribution (EXAFS in real space) computed with DFTB+U 
and HSE for magnetite bulk (top panel) and nanocube after annealing (bottom panel). 
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Figure S4. Distances distribution (EXAFS in real space) computed with DFTB+U 
and HSE for magnetite bulk (top panel) and the nanosphere after annealing (bottom 
panel). 
 
The extended X-ray adsorption fine structure (EXAFS) in real space was 
simulated for magnetite bulk and nanoparticles (Figure S3 and S4) to analyze the 
structural distortion and compare the structures relaxed with HSE06 and DFTB+U.  
The real space EXAFS was simulated by calculating the density of distances for each 
Fe ions with other (Fe or O) ions and projecting them on Fe ions with different 
coordination. In general, the FeTet-O and FeOct-O bond lengths in bulk magnetite are 
broadened in nanoparticles. The peak for the FeOct-O bond length in the bulk splits 
into several peaks for FeOct with different coordination, the lower the coordination the 
shorter the bond length. For both the nanocube and the nanosphere, satisfactory 
agreement between DFTB+U and HSE can be found with respect to the position of 
peaks for FeTet-O and FeOct-O distances, which indicates the good performance of 
DFTB+U on magnetite nanoparticles. 
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Figure S5. The saturation magnetization of nanocubes as a function of the size. 
The structures of large nanocubes (Fe4985O6912, Fe17036O23328 and Fe40643O54720) are 
extrapolated from the small one (Fe602O864). The saturation magnetization is 
calculated through formula (1) in the manuscript. 
 
 
 
  
24 
 
 
Figure S6. PDOS on the d states of different Fe ions in the nanocube, (a)-(b), and 
nanosphere, (c)-(d), optimized models by HSE method, after simulated annealing. In 
(a) and (c), the projection is on Fe ions at tetrahedral and octahedral sites with 
different atomic charge, whereas in (b) and (d), it is on Fe ions at tetrahedral and 
octahedral sites with different coordination number (3c, 4c, 5c and 6c). Legend of 
colors is on the right. The Fermi level is scaled to zero as indicated by the dashed 
black lines. S1, S2 and S3 in (c) are states in the nanosphere that are missing in the 
nanocube. The state S1 and S2 are from the d states of FeTet
2+
 ions, which are mainly 
3-coordinated. The state S3 is from the d states of both FeOct
2+
 and FeOct
3+
, which are 
either 4-coordinated or 6-coordinated. All these new states are surface states, 
according to the charge density plots (Figure S7). 
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Figure S7. (a) Schematic diagram of the nanosphere with the core part (colored in 
cyan) and the shell part (colored in yellow). (b) to (d) are the charge density plots 
calculated with HSE for states S1, S2 and S3 marked in Figure S5. (b) is the plot on 
the core part of the nanosphere, which is the same for state S1, S2 and S3. (c) to (d) 
are the plots on the shell part of the nanosphere for state S1, S2 and S3, respectively. 
The isosurface level is 0.015 electron/bohr
3
. These plots indicate that S1, S2 and S3 
are all surface states. 
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